Recent experiments on the stimulus specificity of sacsponse strength, weak suppression followed by strong cadic suppression make a number of testable predicenhancement. Saccadic modulation was widespread, tions about its biological substrate. Eye movements and affected both of the major processing streams in have little effect on the detection of fine spatial detail the LGN. Our results demonstrate that during natural and color, whereas they severely compromise the detecviewing, thalamic response properties can vary dration of stimulus motion and displacement (reviewed in matically, even over the course of a single fixation. Here we studied how saccades affect the response visual structures respond as they do during constant properties of relay neurons in the primate LGN. We fixation, the resulting barrage of action potentials could probed saccadic responses with rich visual stimuli that disrupt the information that enters the brain soon after revealed a consistent response change in virtually all each eye movement. magnocellular neurons: weak suppression, followed by Many mammals make fast eye movements, but sacstrong enhancement. Furthermore, whereas saccadic cades reach higher velocities and are more frequent in modulation of parvocellular responses has never been primates than in any other species (Carpenter, 1988 
, and 7A-7C). These functions can be thought have used a complex time-varying stimulus that allows visual responses to be measured more efficiently over of as the average firing rate of the neuron, above or below the mean, following the bright phase of the stimushort time periods (Reid et al., 1997). This technique yields a better signal-to-noise (see Figure 3B ) than previlus. The shape of the impulse response is similar for all neurons in the LGN. First, there is a flat portion, which ous approaches in which a stimulus is presented at either a single peri-saccadic time (Buttner and Fuchs, corresponds to the response latency, followed by a sharp peak (positive for on cells and negative for off 1973; Lee and Malpeli, 1998; Robinson et al., 1986 ) or repetitively at a fixed rate (Ramcharan et al., 2001 ). cells). After the peak, the response returns to zero and there is an overshoot, or rebound. At long delays, the The experimental design is illustrated in Figure 1 . Three animals were trained to fixate a small target that visual stimulus no longer affects the activity of the neuron and the curve is flat. We will refer to the full-field jumped between two positions approximately every 2 s ( Figure 1A ). Each target jump elicited a visually guided impulse response function simply as the visual response. saccade. Throughout the experiment, the intensity of val. Figure 3A shows the raster plot that generated the rate histogram shown in Figure 2B . We calculated a series of visual response functions from the spikes that arrived at different times relative to the eye movement. Four of these are shown in Figure 3B ; the visual response functions plotted in different colors were generated from the correspondingly colored spikes in the raster plot. The visual responses plotted in gray are the same in all four panels and represent the control visual response obtained during fixation (see Experimental Procedures). Well before and well after the saccade, the visual response was a close approximation to the control (red and blue traces in Figure 3B ). Just after the saccade, however, the amplitude of the visual response decreased (magenta trace in Figure 3B ), and then increased (green trace in Figure 3B ). Figure 3C plots the strength of the visual response as a function of time from the onset of the saccade. We will refer to this as the peri-saccadic response function.
Origin of the Effect
This saccade-related variation of the gain of the visual response is not predicted by our current understanding of geniculate processing. It reflects an effect of saccades on either retinal activity or retinogeniculate transmission. The stimulus was designed so that saccadic modulation of retinal activity was unlikely, but it cannot be excluded entirely. Because some global features of the display, such as the edges of the flickering stimulus, are not spatially invariant with saccades, they could in principle produce saccade-locked modulations of retinal activity.
We first asked whether a visual signal from remote Another feature of our display, the fixation target, The Visual Response of LGN Neurons Is Modulated by Saccades might also have confounded our results. First, there might have been a visual response when the target disWe illustrate our main result with a magnocellular cell that showed a change in response properties typical of appeared at one position and appeared at another. When LGN responses were analyzed relative to this tranour data set (Figures 2 and 3) . In this experiment, we measured the visual response for different time intervals sition, however, no modulation of firing was seen until ‫072ف‬ ms, when there was a monophasic enhancement. before, during, and after 12Њ horizontal saccades ( Figure  2A ). The mean spike rate over 329 trials is shown, aligned This latency is much too long to be visually driven (average visual response latency: 24.6 ms; n ϭ 16 cells), but by the time of each saccade ( Figure 2B ). The eye movement had a significant effect on the firing rate, despite can be explained as the sum of the delays imposed by the average saccade latency (167 ms) and the time-tothe fact that the visual stimulus was otherwise unchanged. The effect was biphasic: the mean rate dipped peak of post-saccadic enhancement ‫09ف(‬ ms). Second, like the screen edges, the fixation point is a stationary to ‫%51ف‬ below baseline soon after the onset of the saccade, and then peaked at approximately 60% above feature that traces an arc across the retina with each eye movement, generating a potential shift effect. Bebaseline around 75 ms after the eye movement.
In Figure 3 , we show that the strength of the visual cause the trajectory of the saccade determines the shift of the fixation spot with respect to the receptive field, response also varied over the same peri-saccadic inter- we compared saccadic modulation for saccades of difneurons. Some cells were not affected by eye movements, while others showed dramatic changes just after ferent trajectories. We observed no significant differences in the area under the peri-saccadic response eye movements. We first asked whether this tendency was related to cell type. (Burr and Morrone, 1996) . at five positions at the mid-and endpoints of a saccade. We did not find a significant effect of eye position on For each neuron in our sample (n ϭ 78), we calculated the visual response strength as a function of time (as the visual response of any LGN neuron that showed a significant peri-saccadic modulation (n ϭ 9 cells). Moreshown in Figure 3C ). If this peri-saccadic response function exceeded either an upper or lower significance limit over, across the entire data set (n ϭ 78), visual response during straight-ahead fixation was statistically indistin-(Ϯ2. In an early study, Buttner and Fuchs found only a minimal effect of saccades on the firing rate of LGN on magnocellular responses is consistent with the finding that eye movements have the greatest effect on neurons (Buttner and Fuchs, 1973) . Some of the discrepancy with the present results may be attributed to differvisibility when a target is most likely to be detected by the magnocellular pathway, but much less influence on ent behavioral conditions: the duration of saccades in Buttner and Fuch's study varied from 50 to 180 ms, targets thought to be detected by the parvocellular system (Burr and Morrone, 1996) . which is significantly longer than the 30-35 ms saccades in the present study. Further, in the earlier study, no distinction was made between parvo-and magnocelluResponse Enhancements Predominate lar neurons, so the separate effect of eye movements Given that saccades can have significant effects on the on these functional streams was not addressed. visual response properties of many LGN neurons, we A more recent study found that saccades had excluasked whether the effects were predominantly response sively facilitatory effects on some magnocellular neuenhancements, response reductions, or some combinarons (5/10 cells in Ramcharan et al., 2001 ). We report a tion of the two. We computed two measures for each more widespread (42/47 neurons), and more complex, neuron that summarize changes in response strength type of magnocellular modulation: while response amas compared to conditions of fixation; we refer to these plification predominates, some degree of response supas the normalized response suppression and enhancepression is seen for most neurons. The visual stimulus ment (see Experimental Procedures and Figures 4A and and the design of the previous experiments made it 4B, insets). difficult to distinguish peri-saccadic changes on the We examined the relative importance of the two eftimescale that we report (Ramcharan et al., 2001 ). The fects for the population of parvo-and magnocellular higher signal-to-noise of our measurements may explain neurons by plotting the normalized response enhancewhy we observed these peri-saccadic effects in a larger ment versus suppression (for significantly modulated proportion of magnocellular neurons, as well as in 20% neurons, n ϭ 47; Figure 4A ). Data points that lie below of parvocellular neurons when a black-and-white stimuthe line of unit slope represent situations where there lus was used. is a net suppression in response amplitude around the saccade, while points above the line indicate a net enhancement. Figure 4B has the identical format, except
Time Course of the Saccadic Effect
We next examined the time course of saccadic modulathat it plots the indices derived from the spike rate rather than the visually evoked response functions ( Figure 3C ).
tion. To maximize the signal-to-noise of the estimate, we averaged the peri-saccadic response functionsIn both plots, the center-of-mass lies above the line of normalized by the response strength during fixation-of all neurons that showed significant saccadic modulation (n ϭ 51 of 78, including those not definitively classified as either magnocellular or parvocellular). The modulation of visual response strength was biphasic ( Figure 4C ). Just after the onset of the saccade, the overall sensitivity dipped to 20% below its value during fixation. It then increased, peaking at an enhancement of approximately 50% greater than during fixation. The saccade-dependent modulation is complete by ‫571ف‬ ms after the start of the saccade. The averaged peri-saccadic modulation of spike rate has a similar form ( Figure 4D ) as the visual response strength ( Figure 4C) .
A similar analysis of peri-saccadic modulation was performed for all cells, not just those for which a significant modulation was observed. When the visual responses of all parvocellular neurons were averaged, the peri-saccadic enhancement peaked at 9.3% above baseline; the averaged magnocellular responses peaked at 42.6% above baseline (data not shown).
An interesting feature of the averaged data shown in Figure 4C is that the early reduction in visual sensitivity appears to start before the onset of the saccade. In common with previous studies of the effects of saccades on both the LGN and extrastriate cortex, this effect was only seen in the aggregate data (Lee and Malpeli, 1998; Tolias et al., 2001); it was not a consistent or statistically significant effect in individual neurons. Alterations of visual response properties that precede the retinal image displacement caused by a saccade are further evidence for an extraretinal origin of the saccadic modulation we observe.
The biphasic modulation of LGN response strength we observed is similar to that reported by Lee and Malpeli for cats making saccades in complete darkness (Lee by secondary saccades that sometimes followed the targeting saccades (see Figure 2A for examples of these). Secondary saccades occur when a targeting possible that their effects on LGN activity would also saccade fails to bring the eye exactly on target (Kapoula be briefer than those summarized in Figure 4C . and Robinson, 1986; Kapoula et al., 1986). These eye We therefore explored the effects of saccade size on movements were typically much smaller than the prithe peri-saccadic response function. In a subset of six mary saccade, and occurred at least 150 ms after the cells, we repeated the standard experiment with 3Њ tarprimary saccade. A separate analysis of these eye get steps. All of these neurons were magnocellular units movements is presented below.
in which a significant peri-saccadic effect was identified during 12Њ saccades. The peri-saccadic response functions for the 3Њ and 12Њ saccades were normalized by the Response Modulation Is Invariant with Saccade Size response strength during fixation, separately averaged, and compared ( Figure 5A ). The 12Њ saccades used in these experiments are larger than the eye movements typically made during natural Despite the 4-fold difference in saccade amplitude, the resulting peri-saccadic response functions appear viewing. If saccadic modulation scales with the size of the eye movement, the conditions of the present experipractically indistinguishable. To quantify the statistical similarity between the 3Њ and 12Њ saccade conditions, ments may cause us to overestimate the extent of the modulation that the LGN ordinarily experiences. Since we compared the integrated area beneath the peri-saccadic response function for each of the six neurons small eye movements also have shorter durations, it is shown in Figure 5A . There was no significant difference in the integral from 0 to 200 ms after the saccade (p ϭ 0.751, two-tailed paired t test).
We next performed an analysis in which we compared the effects of large saccades, elicited by target steps, to the smaller saccades made at other points during the trial. These latter eye movements were of two types: ( stimulus, they produced a change in both the firing rate The overall effect of saccades on color-selective reand the overall visual sensitivity of LGN neurons. These sponses was qualitatively similar to the saccadic modueffects were widespread, and were observed in both lation of most magnocellular responses to the luminance parvo-and magnocellular neurons, provided that an apstimulus: a predominant amplification of the response.
propriate visual stimulus was used. We show that sac- Figure 7E .
visual responses than any previously described stimuSaccades therefore have a fundamentally different lus-dependent modulation, and (2) saccadic modulation effect on on-center parvocellular LGN neurons when an appropriately colored stimulus is used: 75% were is driven by changes in behavior, not the visual stimulus. Nevertheless, both effects are likely to be brought into design, the stimulus delivered to the classical receptive play during natural viewing, subjecting receptive fields field during our experiments was unaffected by eye at the earliest stages of visual processing to oculomotor movements. Further, changes in the global stimulus and stimulus-driven adaptation. Since these changes configuration, such as shifting the screen edges or alterhappen over the timescale of the fixations that separate ing the saccade trajectory, failed to account for the sacsaccades, receptive fields are probably much more dycade-related modulation we observed. Assuming that namic than they appear under standard experimental saccades produce no change in retinal activity, they conditions. must influence the way in which retinal information is processed by the LGN. We show that eye movements do not impose an identiProposed Mechanism for Saccadic Modulation cal modulation for all retinal spike trains, but rather one Although we cannot completely eliminate a retinal origin that is specific for the retinal activity produced by certain of the effects presented here (e.g., Richards, 1969), we consider it unlikely for two reasons. By experimental visual stimuli. This distinction was most obvious for the population of on-center parvocellular neurons, which signal may have quite different effects on the way the LGN responds to different retinal inputs. In our scheme, were more saccadically modulated when a colored stimulus was substituted for an achromatic one. Figure 8A the saccade-related signal is permissive for the modulation of LGN responses, but the retinal signals specify shows an example of this stimulus-specific effect in a single color-opponent neuron: changing the appearwhat form that modulation takes. Our experiments do not establish the physiological ance of the stimulus causes eye movements to have a profoundly different effect on the spike rate. Given that identity of the eye-movement signal depicted in Figure  8B , but a clear candidate is the modulatory input that the temporal pattern of retinal activity determines the efficiency of retinogeniculate transmission during conprojects from the brainstem to the thalamus. First, this projection is activated when primates make saccades stant gaze (Mastronarde, 1987 .
not yet been extensively tested.
Data Collection
We have examined parvo-and magnocellular re- response at all times before and after the saccade was identical to that measured during periods of prolonged fixation. A period of as magnocellular by this criterion also had faster visual latencies and higher contrast sensitivity (Kaplan and Shapley, 1986) . Some fixation was defined to start at least 200 ms after and end at least 50 ms before a saccade of any magnitude. We generated confidence LGN neurons were not identified definitively (for instance, broadband cells that had low contrast sensitivity). We recovered histologilimits on the estimate of the baseline visual response with a bootstrap analysis in which we sampled spike data only from periods cal data from 2 of the 3 animals and verified that electrode penetrations entered all layers of the LGN. of fixation, using the same total number of time intervals that were used to generate the peri-saccadic visual response. We estimated the mean and variance of the visual response amplitude from 100-Behavior 500 such bootstraps. This process generated an estimate of the We trained each animal to track a small target (0.25Њ in diameter) range of visual response strength expected, given the number of that jumped between two positions every ‫2ف‬ s (see Figure 1) . A trials obtained, assuming no effect of eye movements. saccade was registered when the eye velocity exceeded 40Њ/s. The We adopted a significance criterion of 2.5 SD (see Figure 3C ). animal had to initiate a saccade within an interval of 70-350 ms Assuming a normal distribution of response amplitudes, the probaafter the target transition, and then hold fixation at the new target bility that any single bin in a 17 bin sequence exceeds this threshold position for 900-1500 ms. Fixation was defined to be any eye posiis ‫.%3.1ف‬ Indeed, in approximately 2% of the bootstrapped data tion within a 1Њ to 2Њ square centered on the target position. Although sets (synthesized from conditions of fixation), we observed a single we conditioned the animals to fixate the target before and after eye bin that crossed the 2.5 SD threshold. Invariably, these threshold movements, the refractory period of the saccadic system did the crossings reflected noise, rather than a prolonged response modulamost to ensure a saccade-free period during the peri-saccadic time tion. We therefore imposed the additional requirement that the 2.5 window we analyzed. The experiments were blocked into segments STD limit be exceeded in two consecutive time bins. Although it is of 80-100 trials. During a given block, the target appeared at one arbitrary, this criterion never generated a false positive classification of only two positions: straight-ahead fixation and a position on either of any bootstrapped data set (0 instances of ‫0058ف‬ bootstraps from the horizontal or vertical meridian. The distance between the two 72 cells). targets was either 3Њ or 12Њ.
Peri-saccadic modulation of each response measure (response amplitude and spike rate) was summarized with two indices: the Data Analysis normalized enhancement and the normalized suppression. NormalOnly data from neurons that were studied over 125 trials or longer ized enhancement was calculated from the peri-saccadic spike rate were included in the current analysis. We present data from 78 functions ( Figure 2B ) and the peri-saccadic response functions (Figneurons that were studied with an achromatic stimulus: 24 parvocelure 3C) by integrating the area that fell above the baseline (shaded lular neurons, 47 magnocellular neurons, and 7 cells that were not light gray). Suppression was similarly calculated from all values that classified definitively. An additional 25 parvocellular cells were studfell below baseline (shaded dark gray). These areas were normalized ied with a colored stimulus that modulated their dominant-cone by the integral of the baseline, so that a doubling of the response mechanism in isolation. The eccentricity of the receptive fields studstrength for the entire interval would yield a value of 1.0; a doubling ied ranged from 3.8Њ to 42Њ. The saccade target was located 4.6Њ-55Њ of the response in just one time bin therefore contributed 0.0625 to from the receptive field. the index. For each rewarded trial, the eye position data were smoothed (filter decay constant Ͻ2 ms), and differentiated to produce a record Control for Possible Retinal Effects of eye velocity. The onset of the saccade was defined as the time A set of control experiments addressed possible "shift" effects durwhen eye velocity first exceeded 40Њ/s; we often used a more variing saccades (Derrington and Felisberti, 1998; see Results). In these, able threshold (30-60Њ/s) to define the offset of the eye movement. the animal fixated a straight-ahead visual target as the far edge of For every saccade included in the analysis, the experimenter verified the flickering display moved toward and away from the fixation the start and stop times. Saccades with an associated blink-related point, simulating the visual stimulation of the peripheral retina that eye movement were excluded from the analysis (Riggs et al., 1987;  resulted from each eye movement. The distance and direction of the Rottach et al., 1998). Main sequences for saccade velocity and edge displacement corresponded to the peripheral retinal motion duration did not depend on the background stimulus (achromatic generated by saccades. For example, a vertical edge was displaced flicker; colored flicker; or mean-luminance; data not shown), con-12Њ into and out of the flickering field to replicate the retinal motion firming that saccade metrics were not affected by the stimuli we associated with 12Њ horizontal saccades. The edge motion occurred used to characterize LGN responses. over five stimulus frames (39 ms), which approximately correTo examine peri-saccadic modulation of LGN responses, we exsponded to the average duration of 12Њ saccades in the eye-movetracted the spike times that occurred in the range Ϫ124 ms to ϩ279 ment experiments. ms relative to the time of saccade onset (i.e., from 16 stimulus frames before to 32 stimulus frames after the start of the eye moveAcknowledgments ment). This period was subdivided into smaller intervals, with a temporal bin width of 30.8 ms, which corresponds to 4 stimulus This work was supported by NIH grants EY12185 and EY12196 to frames. In all the analyses we show, the bins were spaced by 15.4 R.C.R. W.M.U. was supported by NIH grant EY06604 and the Harms and overlapped each other by half their width (see Figure 3C) . (Usrey et al., 1999) .
